INTRODUCTION
The North Atlantic Current transports large amounts of phytoplankton and nutrients along the slope off and on the Northern-Norwegian shelf. For the connection between subarctic regions and the Arctic Ocean (AO), the transport of long-lived mesozooplankton from the eastern realms of the Norwegian Sea northward is of particular interest . For the most part, the mesozooplankton biomass is comprised by the copepod Calanus finmarchicus (Tande, 1991; Slagstad et al., 1999) and modeled estimates suggest that about 1.5 million t C year −1 of C. finmarchicus leave the shelf off northern Norway. One branch enters the southern and central Barents Sea while the main flux is directed along the eastern Fram Strait and the slope and shelf of western Svalbard (Gluchowska et al., 2017 ; Figure 1) . North of Svalbard, Atlantic Water and its mesozooplankton biomass is diverted into two branches (Basedow et al., 2018) . One transports mesozooplankton biomass toward the western Fram Strait, Greenland, and partly back toward the Norwegian Sea. The other branch moves mesozooplankton biomass eastward along the shelf of northern Svalbard (Basedow et al., 2018) and along the central AO slope toward the Lomonosov Ridge (Hirche and Kosobokova, 2007 ; Figure 1 ). The transport is part of the Atlantic contiguous advective domain Hunt et al., 2016) that connects the boreal zone off the Lofoten/Vesterålen region with the European Arctic Corridor (northeastern Greenland to the Eastern Kara Sea), comprising the hydrographically most active sector of the central AO (Rudels et al., 2004; Polyakov et al., 2017) . The Atlantic contiguous advective domain is joined by the Arctic contiguous advective domain east of Franz Josefs Land (transporting C. glacialis from the northern Barents Sea) and from there, both domains carry on in concert toward the origin of the Lomonosov Ridge (Figure 2) .
However, because this transport has not yet been adequately quantified based on observational data (but see Basedow et al., 2018) , mesozooplankton contribution to the AO is poorly defined , and future changes in Arctic zooplankton communities are difficult to appraise, let alone to observe and project. We applied the coupled physical-chemicalbiological -models system SINMOD (Slagstad and McClimans, 2005; Wassmann et al., 2006) to investigate the transport of the Atlantic C. finmarchicus toward and along the northern shelf of Svalbard (Slagstad et al., 2011 . In addition, we investigated the transport of the Arctic copepod C. glacialis that dominates in the arctic waters east of the Svalbard Archipelago. C. glacialis is transported along the Svalbard shelf by cold water masses through the Svalbard Coastal Current toward northern Svalbard (Figure 2) . We ask (a) how much mesozooplankton biomass is transported along the Northern Svalbard region, (b) to what extent this advective transport is connected to the Norwegian shelf, and (c) what are the consequences of advection of mesozooplankton for planktonic composition at the edge of the AO (Nansen Basin).
MATERIALS AND METHODS
The model (SINMOD) applied in this work is a coupled hydrodynamic and ecological model system with a particle tracking module that takes current velocities from the hydrodynamic model. A comprehensive description of the physical and ecosystem and food web model is found in Slagstad and McClimans (2005) and Wassmann et al. (2006) . A short description, including recent deviations, is given here, but more information can be found in references given. The hydrodynamic model is based on the primitive Navier-Stokes equations and is established on a z-grid (Slagstad and McClimans, 2005; Slagstad et al., 2015) .
The model structure was created for the Barents Sea ecosystem. State variables include nitrate, ammonium, silicate, diatoms, autotrophic, flagellates, bacteria, hetertrophic nanoflagellates, microzooplankton and two mesozooplankters: the Atlantic Calanus finmarchicus and the artic C. glacialis. Parameter values were set for modeling the carbon flux in this region. SINMOD calculates Gross Primary Production (GPP), new production (NP), the f ratio (NP/GPP), and secondary production of two key mesozooplankton species. The secondary production is calculated from grazed phytoplankton, minus egestion, and respiration losses. For details of the biological model, see Wassmann et al. (2006) . The model contains additional compartments for sinking detritus (fast and slow), dissolved organic carbon and the sediment. The model uses constant stoichiometry [C:N ratio equal 7.6 was used, average data from the Barents Sea (Reigstad et al., 2002) ].
The particle tracking module advect particles using a RungeKutta 4th order computational scheme. Most of the Atlantic Water deeper than 500 m in the model domain (e.g., Norwegian Sea) was populated with particles. Advection of the particles started April 1st each year. These state variables are calculated as a product of water flux and concentration through the selected boundaries. The time step was 1800 s.
The model set-up encompassed the Nordic Seas (located north of Iceland and south of Svalbard), the central AO and the Eurasian shelf (see Slagstad et al., 2015) and uses a horizontal grid point distance of 20 km. The model has 25 vertical levels. The vertical level thickness increases from 5 to 10 m near the surface to 500 m below 100 m. A total of 8 tidal components were imposed by specifying these (elevation and currents) at the open boundaries. Data were taken from TPXO 7.1 model of global ocean tides 1 . The ERA INTERIM reanalysis (Dee et al., 2011) 2 data (wind, sea level air pressure, air temperature, cloud cover, and humidity) were used to force SINMOD. Data on freshwater discharges from rivers and land along the Norwegian coast and Svalbard were collected from simulations by the Norwegian Water Resources and Energy Directorate 3 . The simulations were performed using a version of the HBV-model in 1 km horizontal resolution (Beldring et al., 2003) . For Arctic Rivers, data were obtained from R-ArcticNet (Vörösmarty et al., 1996 (Vörösmarty et al., , 1998 Initial values of temperature and salinity were taken from World Ocean Circulation Experiment (WOCE) Global Data Resource Version 3.0 4 using a spin-up phase of 26 years prior to the start of the simulation in this work. A comprehensive description of the WOCE data system can be found in Lindstrom (2001) . The model calculates the transport of the two calanoid copepods into and out of as well as their production and respiration inside the box (Figure 1) . In backtracking mode SINMOD also tried to approximate the drift pathways of C. finmarchicus type particles until April, the main reproductive period.
RESULTS
The modeled biomass of C. finmarchicus and C. glacialis for the months June and September showed widely different distribution and advection patterns for the two species (Figure 3) . In June C. finmarchicus had recruited a large biomass in the eastern Norwegian Sea and north of the Norwegian shelf while late arrivers of the advected local C. finmarchicus are found west and north of Svalbard (Figure 3 , upper left). In September the advection of C. finmarchicus from northern Norway to the Barents Sea and further along Svalbard to the AO was clearly detectable, stretching as far as to the Franz-JosefsLand archipelago (Figure 3 , lower left). The core population of C. glacialis is found in the north-eastern Barents Sea, Kara Sea, and Fram Strait. As compared to June C. glacialis had increased its biomass significantly in September (Figure 3 , right panel). The basic distribution patterns of both copepods suggest that they dominate in different regions. The maximum biomass concentrations of C. glacialis and C. finmarchicus were similar.
The monthly flux of C. glacialis and C. finmarchicus over the years 2005 and 2014 was investigated across the western Svalbard shelf (Section A) and across the shelf and slope north The flux of C. glacialis and C. finmarchicus across section B and eastward into the interior of the AO was recurrent (Figure 4) .
The biomass, flux, production and mortality of C. glacialis and C. finmarchicus were estimated for a box (25,600 million month −2 ) on the northern Svalbard shelf and slope ( Figure 3 and Table 1 ). The average monthly biomass of C. finmarchicus over the period 2005-2014 declined from about 1.4 to 0.7 g C month −2 from January to May, increased 3-4 times from May to August (about 3 g C month −2 ) and declined again by May next year (Figure 5) . The average biomass of C. glacialis over the period 2005-2014 was less than 0.3 g C month −2 , was low in winter, increased in summer and peaked along with that of C. finmarchicus in August-September (Figure 5 ). There was a significant interannual variability in standing stock for both species, in particular for C. finmarchicus in summer ( Figure 5) .
The average annual biomass of C. finmarchicus and C. glacialis inside the box for the selected period was 38,960 and 3,775 (t C), respectively. Mesozooplankton biomass north of Svalbard is thus dominated by C. finmarchicus of North Atlantic origin. The average annual flux into the box of C. finmarchicus and C. glacialis in the period 2005-2014 was 18.8 and 3.6 g C month −2 , respectively. This indicates that significant amounts of C. finmarchicus biomass are advected into the region while there is net export of C. glacialis. The average production (growthrespiration) of C. finmarchicus inside the box was negative: −0.72 g C month −2 year −1 . However, average production of C. glacialis inside the box was positive: 0.23 g C month −2 year −1 , contributing to a net export from the box. A similar picture was provided for mortality. Inside the box it was 27,620 and 3,775 t C year −1 for C. finmarchicus and C. glacialis, respectively.
The flux of C. finmarchicus dominated the annual budget for import and export of the two species in and out of the box (Figure 6) . Most of the import of C. finmarchicus came with the Atlantic Water from the west, with 87% (419,360 t C) being exported annually to the east. Most of the C. glacialis import was from the north (Figure 6 ), although biomass came from the west and south. All export (94,600 t C) was to the east. The export is bigger than then import, caused by production inside the box.
The model in backtracking mode was applied to identify where mesozooplankton-sized particles in September originated from in spring (April). The particles derived from the shelf break of western Svalbard, the Barents Sea shelf break toward the Norwegian Sea and the north Norwegian shelf (Figure 7) . Zooplankton-type particles north of Svalbard (in September) derived from variable recruitment regions in spring (Figure 8 ).
DISCUSSION
The advection of Atlantic Water along the Norwegian shelf and into the Barents Sea and adjacent AO is one of the most significant features of the European Arctic Corridor were by far the greatest water exchanges into and out of the AO take place (e.g., Smedsrud et al., 2013; Polyakov et al., 2017) . In the Atlantic Water a considerable amount of nutrients and biogenic matter is advected into the AO (Popova et al., 2013) . Biogenic C advection may be 5-50 times bigger than local primary production along the advective pathway. Along with this advection, large amount of mesozooplankton enter the AO ecosystem that partly depends upon additional food supply. Being partly dependent upon food supply from subarctic regions of a quantification of mesozooplankton advection into the AO, its seasonal features and connection to the North Atlantic are essential to comprehend the regulation of the biota and the dynamics of the AO ecosystem.
Mesozooplankton Transport Along the Northern Svalbard Region
Large amounts of mesozooplankton, for the most part C. finmarchicus, are transported along with Atlantic Water from the Norwegian Sea, along northern Norway and the western Fram Strait (Basedow et al., 2018) . In the vicinity of the north-western Svalbard region, some of the Atlantic Water is recirculated toward Greenland, so that about half of the advected zooplankton biomass may be retained inside the northern Fram Strait region while the remaining biomass is advected on and along the continental slope of the Nansen Basin toward the Lomonosov Ridge (Hirche and Kosobokova, 2007; Bluhm et al., 2015) . This biomass transport is dominated by C. finmarchicus north of Spitsbergen ( Figure 3A) , but toward the east more and more of the mesozooplankton biomass becomes dominated by the arctic species C. glacialis. This is particularly the case east of the St. Anna Trough (the largest submarine valley of the AO, between the FranzJosefs-Land archipelago and Novaya Zemlya) where much of the C. glacialis production in the northern Barents Sea ( Figure 3B ) was advected eastward into the AO (see Figure 2) . The mesozooplankton biomass north of Svalbard was lowest in May and highest in August and September ( Figure 5) . The model projected significant variability between years, reflecting both variable reproduction and assumed variation in recirculation in the northern Fram Strait. The seasonal and annual variability of mesozooplankton transport through section A in the eastern Fram Strait was not directly translated to the eastward transport along northern Svalbard through section B (Figure 4) . The amplitude along section B decreased and not all maxima through section A were found in sector B. In general, recirculation in the Fram Straight is inadequately known (e.g., Marnela et al., 2013; Hattermann et al., 2016; Wekerle et al., 2017) . Thus, also the advection of mesozooplankton into the Fram Strait and, particularly, how much of this biomass enters the adjacent AO is challenging. The application of a model seemed a fruitful first step before more precise estimates may be provided. According to the SINMOD model about 50% of the advected mesozooplankton biomass through sector A of the eastern Fram Strait entered the central AO through section B (Figure 4) . The model further suggests that the flux of C. glacialis trough section B reflected the low local production on the north-western Svalbard shelf with its strong Atlantic Water inflow. On average, about 480,000 t C of C. finmarchicus were transported into of the box from the east and north per year, respectively (Figure 6 ). The inflow of C. finmarchicus with Atlantic Water to northern Svalbard estimated from Laser Optical Plankton Counter and Multinett samples (Basedow et al., 2018) was on the order of 500,000 t C year −1 , which compares well to our modeled estimates. This considerable biomass will support ecosystems along the European shelf edge to the AO. It implies that Atlantic mesozooplankton, advected from outside the AO, plays a significant role as an allochthonous food source for polar marine ecosystems from the Eurasian shelf break. The strength of this supply decreases toward the Lomonosov Ridge, while advection of arctic mesozooplankton from the northern Barents Sea and local production plays an increasingly important role along the Eurasian shelf (Hirche and Kosobokova, FIGURE 6 | The average annual flux (t C) of C. finmarchicus (red) and C. glacialis (black) into the box from the west, north and south, and out toward to the east.
2007
). The advection of C. finmarchicus into the Eurasian AO shelves is unidirectional, since C. finmarchicus cannot reproduce successfully and the advection has been characterized as a death trail . Once C. finmarchicus enters the AO they persist until grazed or die. Because of the high advected biomass the grazing capacity of the expatriated mesozooplankton population will match the reduced primary production toward the second part of the annual cycle, diminishing the likelihood of algal blooms. However, climate change and the loss of sea ice (Overland and Wang, 2013; Onarheim et al., 2014) will support significant future increases in primary production along the Eurasian shelves (Wassmann et al., 2010; Slagstad et al., 2011; Ivanov et al., 2012) and more allochthonous zooplankton production may be expected. This scenario is true for both C. finmarchicus [caused by increased Atlantification (warming and increased primary production), Polyakov et al., 2017] and C. glacialis (increased primary and secondary production, Slagstad et al., 2015) .
Advective Zooplankton Transport North of Svalbard Is Connected to the Norwegian Shelf
The simulated seasonal variability of mesozooplankton north of Svalbard showed a wide maximum in August and September, i.e., several months after the spring bloom. As C. finmarchicus reproduces in spring the cause must be allochthonous. To figure out the source of the advected mesozooplankton we applied the model in backtracking mode to identify where mesozooplanktonsized particles in September originated from in spring (April). The results indicated that the particles derived from the shelf break of western Svalbard, the Barents Sea opening (Figure 7) . April is an important month for the spawning and recruitment of C. finmarchicus and the new recruits from these regions have drifted to northern Svalbard by early autumn. This finding demonstrates that northern Svalbard and the Eurasian rim of the AO are directly connected to the Norwegian Sea and the strong North Atlantic Current that follows the continental shelf northward. Static regions are linked to geography, but they may be linked by contiguous domains of shared function that facilitate material transports and share key ecological features. In general, such features are termed contiguous domains (Carmack and Wassmann, 2006) . All contiguous domains have lengths of several thousand km and pass often through multiple biogeographic regions. Their components share (i) a common boundary or set of properties and (ii) are connected, over defined scales, in time and space. The Lofoten/Vesterålen region of northern Norway and the Eurasian rim of the AO thus form the Atlantic advective contiguous domain that supports the AO with nutrients, phytoplankton biomass and, particularly, longlived zooplankton . As such, the northern Svalbard shelf is part of the Arctic inflow shelves which play an important role for the transfer of water masses of Atlantic origin (Smedsrud et al., 2013) , with the nutrient availability and primary production (Randelhoff et al., 2018) as well as the advection of pelagic organisms . The Atlantic contiguous advective domain is not a constant, but rather dynamic feature that continuously exports and imports biogenic compounds and planktonic organism on its pathway toward the AO. The Atlantic advective contiguous domain may be one of the most dynamic features of the AO with significant biogeochemical cycling along its pathway.
The advection of mesozooplankton toward the northern Svalbard shelf region is an annually recurrent phenomenon. The model suggested that the influx the influx was characterized by significant annual variability (Figures 4, 5) . The cause for the interannual variability is unknown. It appears to reflect variable recirculation patterns in the northern Fram Strait, but could also be caused by variable recruitment, advective supply from the North Norwegian shelf, influx into the Barents Sea and grazing along the advective pathway. Over the course of years, zooplankton-type particles north of Svalbard (in September) may derive from variable recruitment regions in spring and advection drives this variability. In some years, they may be derived from the boundary between the Barents Sea and the Norwegian Sea (2005, 2008, and 2012) , while in other years (2006, 2011, and 2013) , they may be derived from the region south-east of the Lofoten Islands (Figure 8) . Together these regions form the > 3000 km long Atlantic advective contiguous domain through which advection crosses several biogeographic regions, light regimes and productive regions during the year. Certain sections of the sub-boreal, sub-arctic, and arctic regions can thus not be understood and managed separately, but must be considered as functional units of the contiguous domain. The central Norwegian Sea is considered the "home region" of C. finmarchicus and the recirculation in northern Fram Strait moves expatriates back into the source region of the species. Expatriates that enter the shelf of northern Svalbard are, however, lost for good and represent a food supply for the AO that is lost from the Atlantic Ocean.
Significance of Mesozooplankton Advection for the Pelagic
The increase in mesozooplankton biomass north of Svalbard in August and September reflects, for the most, growth and production of cohorts that spawned along the southern section of the Atlantic contiguous advective domain. This cohort commences in spring and is particularly strong in the Lofoten/Vesterålen region. While the cohort from the previous year is exported or lost from the region of northern Svalbard, as reflected declining biomass (October to May, Figure 5 ) in spring a new cohort is advected northward, arriving there for full in August and September. Despite these cohorts, Figure 5 . Suggests that the advective supply of mesozooplankton to the northern Svalbard shelf is continuous as verified by Basedow et al. (2018) . This advection of zooplankton fuels pelagic life, also during winter (Daase et al., 2014; FalkPetersen et al., 2014; Berge et al., 2015; Blachowiak-Samolyk et al., 2015) . The Atlantic contiguous advective domain is thus characterized by pulsing C. finmarchicus cohorts. The advent of the spring pulse has a strong grazing impact on the phytoplankton bloom north of Svalbard that takes place in late summer. Also, along this pulse (for details of the highly variable biogeochemical processes along the drift) the grazing impact is continuously strong. The grazing impact in the southern section of the Atlantic contiguous advective domain was reported to be so strong that diatoms blooms do not occur, despite strong silicate depletion that suggests a diatom production rate of close to 100 g C month −2 (Ratkova et al., 1999; Slagstad et al., 1999) . Consequently, chlorophyll concentrations may stay low throughout the productive season along the North-Norwegian shelf break and toward northern Svalbard . The spring bloom north of Svalbard takes place in May/June, i.e., when the model predicted that the mesozooplankton biomass was lowest, consistent with the findings of Søreide et al. (2010) . This suggests that a potential for strong pelagic-benthic coupling and strong benthic production exists in the early stages of the productive season. The post bloom period north of Svalbard is thus characterized by heavy grazing, executed by the new approaching mesozooplankton cohorts and thus chlorophyll concentrations stay low. The Arctic contiguous advective domain, dominated for the most of C. glacialis, appears to be less pulsed and more continuous (C. glacialis has a 2-to 3-year life cycle, Kosobokova, 1999) , with the population of C. glacialis in the northern Barents and Kara seas as the main source.
Annually 18.8 g C month −2 of advected (and locally produced) mesozooplankton could be available for mesozooplankton predators before advected out again, implying that far greater amounts of feed are available along the Atlantic contiguous advective domain than outside the domain. Zooplankton predators inside the box experience, on average, 1.4 g C month −2 of prey biomass during the year. However, the advection of mesozooplankton is about 12 times bigger than the average concentration, implying that mesozooplankton in the Atlantic advective contiguous domain represents an important food source. It could represent a continuous replenished food source for pelagic fish, birds and marine mammals. Feeding in a stream of food or utilizing accumulation of feed in regions where eddies are prominent is a well-known phenomenon in coastal regions of northern Alaska. Here about 1/3 of the zooplankton biomass advected through Bering Strait seem to be grazed by bowhead whales see, calculations in Wassmann et al. (2015) and Moore et al. (2018) . Similar scenarios may also exist north of Svalbard, but the feeding impact of marine mammals there is not yet available. For the increasing population of young cod recently reported from the region (e.g., Fossheim et al., 2015) , the feeding conditions north of Svalbard are good, if not excellent. Their availability is not so much based upon the feed concentration, but on the flux of feed through the area that consistently replenishes the feeding concentration. Along advective contiguous domains feeding on the flux of advected food is thus an excellent feeding strategy. Thus, large amounts of mesozooplankton prey may sustain fish, birds and marine mammals at the western Eurasian perimeter of the AO basins.
Outlook
The advection of Atlantic Water, including its nutrients, phytoand zooplankton, plays a significant role for the ecosystem function of the AO that needs obviously dedicated investigations. The SINMOD model projects advection mesozooplankton biomass that contributes to the heterotrophic nature of the Eurasian rim of the AO. However, the model has shortcomings that should be kept in mind. Its hydrodynamic model has a set-up using 20 km horizontal grid point distance. This a rather course resolution in the complex hydrographical region of the Fram Strait. The horizontal (and vertical) resolution is probably the most important factor for improving the model's ability to improve the flow field. Further, the mortality of the mesozooplankton is difficult to assess. In lack of other alternatives, we assumed this parameter as a constant, but it will certainly vary through the season, with the variable presence of pelagic feeders (such as young cod) and from year to year.
The principle situation along the European Arctic Corridor is not unique. On the opposite Pacific side of the AO, a similar advective contiguous domain is found . Moore et al. (2018) described how zooplankton-rich water of Pacific origin flows through Bering Strait in the southern Chuckie Sea and along the shelf of northern Alaska, supporting the good feeding condition for whales. The pelagic-benthic coupling in the region is tied to the Pacific through flow because of continuous feed supply from the south. The "Arctic Pulses" model of Moore et al. (2018) and the "Advective" model of Grebmeier et al. (2015) for the Pacific opening of the AO have been launched. The results of the present investigation also illustrate the significance of the advective contiguous domain concept for the productivity, phenology, and food supply of the perimeter of the central AO. As climate change causes changes in the atlantification (Polyakov et al., 2005) and "pacification, " major changes in the food availability along the AO shelf breaks may be expected. Similar scenarios for food supply for pelagic carnivores, birds and marine mammals seem to exist for Arctic inflow shelves. However, the comparatively shallow environments on the Pacific side results in larger share of the food consumed by benthos.
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